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The growth mechanism of iron whiskers produced by the hydrogen re-
duction of iron halide salts was investigated by the variation of a
number of parameters. The observations are correlated with current
theories and with the thermodynamic behavior of this reaction which
indicates that the tip of the growing whisker should be colder than
the ambient medium (the cold tip). The mass growth of iron whiskers
in the presence of carbon was examined to evaluate the potential of
this method to produce marketable whiskers. An unidentified, non-
metallic whisker growth was discovered growing in bone charcoal.
Growth was determined to require the presence of a ferrous halide and
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I. INTRODUCTION
A whisker is a single, nearly perfect crystal of an element or com-
pound which dimensionally would class it as a fiber. For the purpose of
this thesis a crystal which is at least ten times as long as its mean
diameter will be considered a whisker. This thesis reports observations
almost exclusively for iron whiskers produced by the hydrogen reduction
of iron halides at temperatures around 1000 K.
Whiskers have been observed as early as the 16th century as hair-
like growth emerging from copper and silver sulfide ores. The cotton-
like silver fibers (Haarsilber) produced by the reduction or oxidation
of silver sulfide puzzled scientists for several centuries. In 1956,
Brenner (Ref. 1) reported the conditions and the methods used for the
growth of Fe, Cu, Ag, Ni, Co, Pt, and Au whiskers by the reduction of
their halide salts. Many compounds such as Al 90„,SiC, and B.C also
can be grown as whiskers.
The impetus behind current whisker research lies in the fact that
whiskers are the strongest forms of solids yet discovered. Their
strength approaches the theoretical cohesive strength of solid matter.
High-strength whiskers have great potential as strengthening agents in
composite materials. Composites of plastics and metals utilizing the
fascinating properties of whiskers could produce engineering materials
several times the strength and flexibility of present composites. Con-
tinued developments are expected to greatly reduce the present high cost
of producing some types of whiskers.
Metallic whiskers produced by the hydrogen reduction of their halide
salts are in general of poor quality, low yield compared to that
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theoretically possible and difficult to separate from the substrate on
which they grow. Tests on selected specimens have produced the impres-
sive strength noted earlier. Improvement of the general quality has
been difficult as the growth mechanism is not fully understood.
The cool tip mechanism was proposed by Hovermale (Ref . 7) as a pos-
sible mechanism. The proposal is a new direction in whisker growth
thought. Based on reaction thermodynamics and heat flow modeling the
proposal may prove useful in examining the method of whisker growth.
The thrust of this thesis is to uncover experimental evidence which
will support or refute this theory. An accurate mechanistic picture of
the growth process and nucleation mechanism will enable growing techni-
que refinements which will produce longer, stronger, useable iron whiskers,

II. BACKGROUND OF EXPERIMENTAL OBSERVATIONS AND
THEORIES OF WHISKER GROWTH
A. EXPERIMENTAL LITERATURE OBSERVATIONS CONCERNING THE GROWTH OF IRON
WHISKERS.
1 . Reduction Without Carbon Present .
The reduction of halides without carbon present has been the
most widely used method of iron whisker production. By varying the
conditions under which the reduction takes place researchers have great-
ly altered whisker growth. Parameters varied included temperature, H~
flow rate, amount of material present, size of chamber, purity of mate-
rials and effect of specific impurities.
a. General Observations
The hydrogen reduction of halide salts is a very inefficient
process with present experimental techniques for the conversion of iron
into small diameter filaments. The bulk of the halide is reduced to
iron which remains in the bottom and on the sides of the boat. This
iron is in the form of small particles and/or a continuous skin or foil
depending on conditions and location in the boat. In general, the whisk-
ers remaining at the completion of a reduction grow from the sides of
the reaction boat toward the center of the boat. The growth generally
takes place only in a narrow band at the interface of the melt and the
boat. Often whiskers are clumped and appear to grow from a common base.
The number and size of the whiskers will depend on the growth conditions
employed but for a given set of conditions greater quantities of halide
in larger boats produce larger whiskers of greater diameter. Increasing
only the quantity of halide reduced will increase the average whisker
diameter but will not significantly increase the number of whiskers.
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The strongest iron whiskers which have been produced grow with a [lOO"1
fiber growth axis. Two other growth axes are also commonly observed;
the [ill] and the [110]. Figure 1 shows the external shapes associated
with the different fiber axes. Impurities and/or nucleation sites ap-
pear to determine the fiber axis orientation,
b. Observations Concerning Impurities
The alteration of the amount and type of impurities present
in the melt greatly alters whisker growth. Gorsuch [Ref. 4] reports
that impurities are somehow responsible for whisker growth. Small ir-
regular shaped iron particles, rather than whiskers, were produced when
high purity iron halide salts were reduced in dry hydrogen (—60 F dew
point or lower) and these impurities influence both the nucleation and
growth processes.
Iron oxide, Fe 0„ is a common impurity. Its addition to
commercially available iron halides reduced in a hydrogen atmosphere
produced whiskers with a [100] fiber axis. Those produced from the
halide alone had a [ill] fiber axis [Ref. 4]. The average diameter of
the whiskers tends to decrease as the impurity content increases.
Impurities can also be added to the reducing gas. Their
general effect is to reduce the average diameter, except for inert gases
which have no effect. Sufficient quantities of impurity gas will cause
whisker growth to cease. The presence of water vapor appears to assist
the reduction of halides in the presence of Fe . Increasing the moist-
ure content was found [Ref. 4] to progressively reduce the rate of evap-
oration and the rate of reduction of the halide salt. It has also been
shown to increase the tendency for the liquid halide salt to wet the











FIGURE 1. Schematic diagram of the dependence between shape of the
whisker tip, the direction of growth and the cross section.
12

c. Observations Concerning Temperature
For each halide salt there exists an optimum temperature
ange for best whisker growth. As the temperature increases the taper
E the whisker increases and the whiskers are more frequently kinked
id distorted. As the temperature is reduced from the optimum the size
id number of whiskers decrease until the melting point is reached at
lich point all growth ceases.
d. Observations Concerning Hydrogen Flow Rate
Hydrogen flow rate above a minimal velocity has little in-
Luence on the tendency for whisker growth. At high flow velocities
Dwever, the whiskers become badly kinked and distorted.
GROWTH THEORIES
1. Screw Dislocation Theory
Two dimensional nucleation in the gas phase requires large
jpersaturations on the order of 1.5 to 10. Early experiments revealed
lat crystal growth on already formed crystals proceeded even when the
jpersaturation ratios were on the order of 1.01. F. C. Frank [Ref. 3]
roposed that the crystals did not have smooth growth surfaces but rath-
r the growth surfaces contained dislocations. These dislocations form
"screw" and the crystal face always has exposed molecular terraces on
lich growth can continue. The need for fresh two dimensional nuclea-
ions never arises and the crystal face can grow perpetually at low
alues of supersaturation. Each new molecular layer faithfully repro-
uces the original dislocation. Growth would continue on the face con-
aining the dislocation indefinitely.
The existence of screw dislocations in metallic whiskers grown
y the reduction of metal halides has neither been proved or disproved.
13

the vapor-solid surface the deposition site for the whisker forming
material. The presence of a liquid layer in contact with the growing
crystal has important consequences. The surface of the liquid has a
large accomodation coefficient and therefore is the preferred site for
the deposition of the product material. As the product material enters
the liquid from the liquid-vapor surface the liquid becomes supersatu-
rated with the whisker forming material and precipitation occurs at the
solid-liquid interface resulting in crystal growth along one direction.
An idealized drawing of the VLS mechanism is illustrated in Figure 2 for
a silicon crystal using gold as the impurity. For silicon the reduction
of SiCl, with hydrogen or the disproportionation of Sil 9 to produce Si
does not take place in the vapor phase. The author of reference 9 re-
ported experimental evidence indicating that the process is a hetero-
geneous surface-catalyzed reaction occuring at the liquid surface.
For a condensation reaction a is the fraction of impinging atoms
which become accomodated (adsorbed) on an extensive crystal surface.
Theory predicts that the value of a depends on the state of perfection
of the surface and on a, the degree of supersaturation. The growth rate
of a crystal is proportional to the product oa. For a given a the more
imperfect the surface the lower is the supersaturation required to get
surface adsorption. Figure 3 is a modification of a graph found in ref-
erence 9, pg. 62. It depicts the relative growth rate for an imperfect
crystal (one that contains a screw dislocation), a perfect crystal sur-
face, and a surface of unit accomodation coefficient (clean liquid).
For the first two cases, the growth rate is essentially zero below a
critical supersaturation (a
x ,
or o~2 , respectively) and increases to the

















Figure 3. Relative Growth Rates of Crystals Based
on the Type of Exposed Surface
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respective ranges of supersaturation, occurs either by two dimensional
nucleation on the perfect surface or through the agency of an emergent
screw dislocation on the imperfect one. The straight line depicts the
relative growth rate for a clean liquid surface (ideal rate). A clean,
liquid surface is distinctly different from that of a perfect, or im-
perfect crystal surface and can be considered as ideally "rough." The
liquid surface is composed of ledges and steps only interatomic distances
apart. Accomodation sites exist over the entire area. Deposition on a
liquid surface, therefore, follows the ideal rate depicted in figure 3
and is the basis for growth by the VLS technique occuring as a result
of the presence of liquid forming impurities.
The prediction of figure 3 holds strictly for evaporation -
condensation and the homogeneous vapor-phase reaction. For a hetero-
geneous reaction, the presence of the liquid droplet in the reaction
region can have additional effects. The large accomodation coefficient
results in a long "stay time" of adsorbed gas molecules at the liquid
surface. Furthermore, the impurity which forms the liquid may also
function as a reaction catalyst for the heterogeneous reaction. Each
factor results in an enhanced deposition rate on the liquid.
The VLS growth process is a two step process. After the forma-
tion of the liquid a fast initial extension in length occurs by addition
of material at the tip of the whisker. This is followed by a slow in-
crease in thickness (layer growth). The leader is virtually uniform in
cross section from base to tip. Subsequent growth is not always uniform.
By understanding this mechanism great strides have been made
toward the production of useable whiskers which grow by this method.
17

3. Cold Tip Theory
The Cold Tip Theory was postulated by Mark Hovermale in his





(g) - Fe (s) + 2HC1 (g)
(whiskers)
proceeding at 1000 K, his analysis of the thermodynamics using the
values tabulated in reference 11 determined that:
(1) If FeCl„ is a gas the reaction is exothermic by
approximately 6,000 calories per mole.
(2) If FeCl„ is a liquid the reaction is endothermic
by approximately 24,000 calories per mole.
(3) If the reaction proceeded at a location other than
the tip with subsequent migration of the Fe atom
the reaction at the growth site would be exothermic
due to the heat of crystallization of Fe.
References 2 and 10 report that for the metal halides, hydrogen
reduction in the gas phase followed by the deposition of the metal atoms
in a crystal lattice cannot support the growth rates experienced experi-
mentally; rather they propose it is more likely that the metal halide
vapor diffuses to the metal surface where it is reduced. The metal
atoms produced then diffuse to a growth site.
If the reactants were liquid the loss of heat resulting from the
reduction occurring at the tip would result in the tip becoming cold
relative to its surroundings. Hovermale [Ref. 7] constructed a computer
model of heat flow at a whisker tip. This model treated the dynamic
heat-flow equations for a whisker tip in which heat was continually
being removed at a constant rate per unit area of surface. The results
quantitatively verify that the region of highest curvature is the region
of greatest temperature differential. That is, the tip of the whisker
would have a lower temperature than any other portion of the whisker.
18

In addition, a thermal gradient would be established from the tip to the
base of the whisker from ordinary heat flow considerations. This too,
favors a cool tip. Further, the flux of liquid from the base of the
whisker to the tip performs a sweeping action, tending to maintain the
tip at a still lower temperature. All three of these effects favor the
cool tip provided that the liquid flux from the bottom is the major
source of FeCl„ to the tip.
The cold tip mechanism can be summarized as follows
:
(a) The initial halide to be reduced is provided by liquid from
the melt.
(b) Growth is initiated by a nucleating site on the substrate.
This site need not be a cold area but could be a screw dislocation, a
radius of curvature or a preferential nucleation site.
(c) As a whisker develops initially, reduceable halide is pro-
vided by liquid flowing up the sides of the whisker from the melt. The
tip becomes cold and the growth is rapid.
(d) An intermediate period of growth occurs as a thermal equilib-
rium is reached between the endothermic reaction and the exothermic con-
densation.
(e) Growth is terminated when the atmosphere is less than sat-
urated with halide vapor and vaporization of the liquid at the tip occurs
faster than it is supplied. This termination situation would occur when




C. DESCRIPTION OF IMPORTANT REACTANT MATERIALS
The reactants usually involved in the production of iron whiskers
are FeCl 9 , FeBr , FeCl„, and Fe 9 . Reference 4 reports the following
facts about these reactants:
Ferrous chloride, FeCl9 , has a density of 2.98 g/cm
3
and melts at
670-674 C. No thermal dissociation at temperatures up to 1000 C has
been noted, but there is evidence that some FeCl may be formed by par-
tial decomposition. It reacts with oxygen and water vapor in the tem-
perature range of interest to form various types of iron oxides such as
Q'-Fe o0_ and Fe_0. . The commercially available FeCl„ is the tetrahydrate2 3 3 4 2
FeCl„ , 4H9 0. Upon melting, this material forms anhydrous FeCl„ and some
ferrous oxychloride. Relatively high purity material can be obtained
in an HCl atmosphere or by hydrogen reduction of high purity FeCl„.
Ferrous bromide, FeBr_ , has a density of 4.636 g/cm , and melts at
684 C. Heating in air at temperatures up to approximately 310 C or in
an atmosphere containing significant quantities of water vapor at 500 C
or higher results in the decomposition of FeBr9 to cv-Fe^O-.
Ferric chloride, FeCl„, melts at approximately 300 C and boils at
approximately 310 C. The FeCl„ vapor which exists as the dimer, Fe 9 Cl,,
at low temperatures is rapidly reduced to FeCl9 in hydrogen at tempera-
tures of 350 C and above.
Ferric oxide, Q'-Fe 90„, is reduced rapidly in hydrogen at 500 C and
above to Fe„0, , FeO, and finally to a-Fe. During reduction the oxygen
ions are maintained with a close-packed structure but the iron ions are





A. EXPERIMENTAL PROCEDURE AND APPARATUS
The apparatus used for growing whiskers is shown diagramatically in
Figure 4. It is almost identical to the apparatus used by Brenner in
1956 [Ref. l]. The quartz tube was 29 mm O.D., 26 mm I. D. and 120 cm
long. The quartz boats were made of 19 mm O.D., 17 mm 1. D. quartz
about 10.5 cm long. The metal liners were made from 28 gauge galvan-
ized steel. After forming, the zinc coating was removed with HCl and
the clean liners were stored in acetone until just before they were used,
The chemicals used in these experiments were standard commercial





and NH Br were ground in a mortar and pestal prior to use
except where noted.
The general procedure used for conducting a typical reduction ex-
periment follows :
(1) The steel liner was placed in a quartz boat and the reactants
added.
(2) The loaded boat was placed in the cooling section of the quartz
reaction tube.
(3) The tungsten rod was attached to the boat and the stopper in-
serted. Helium gas was admitted at a rate of 1.0 cubic foot per hour
(CFH) for ten minutes to flush the oxygen-containing atmosphere from
the tube prior to admitting hydrogen. On subsequent runs when the oxy-
gen content of the atmosphere in the tube was assumed low due to the
short period of time the tube was unstoppered, the purging time was



























(4) The hydrogen flow was started when the helium flush was complete,
Hydrogen was flushed through the tube for three minutes at 0.6 CFH.
(5) The hydrogen flow was then adjusted to the desired rate for the
reduction and the sample was pushed into the hot zone with the tungsten
rod. where the reduction reaction: FeX 4- —H_ -> Fe + nHX proceeded.
n 2 2 r
When the sample had remained for the desired time period it was with-
drawn to the cooling section, the hydrogen flow was stopped and the
helium flow was started.
(6) The sample was removed after about two minutes in the cooling
section and another boat was placed inside and the process repeated.
Large yields of iron whiskers have been achieved by the reduction
of iron halides in the presence of carbon black [Ref. 8]. The atmos-
phere for such growth can be either hydrogen or a charcoal-air system.
The charcoal-air system produces hydrogen by the reaction:
H
2
+ C -* H + CO
The hydrogen is needed in the reducing atmosphere but the CO is not.
The water needed is provided by moisture in the charcoal blocks. The
apparatus is shown in Figure 4.
The reaction products were examined with a bench top stereo micro-
scope. When greater magnification was desired the examination was con-
ducted with a Zeiss microscope. All such examinations were made using
dark field objectives. Magnification ranges from 40 to 1280 times were
available with this microscope. Color slides were taken with good re-
sults using the installed camera, Kodachrome II film (ASA-25) and an
80A filter to correct the color.
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B. EXPERIMENTS WITH FeCl MIXTURES
1. General
The first experiments conducted revealed that fresh, green
FeCl »4H from new bottles produced far fewer whiskers than the same
material obtained from old bottles. The old bottles contained FeCl •
4H which was partially oxidized by contact with air. This material
was light yellow when ground as opposed to the light green material
from the new bottles. The addition of FeCl
,
and Fe to the fresh
FeCl9 *4H9 was intended to reproduce the composition of the material
in the old bottles.
2. Experimental
A 60:40 mixture (by weight) of FeCl »4H 0/FeCl »6H produced a
fair number of poor quality whiskers, exp. 8. The addition of ferric
oxide to form a 60:30:10 mixture of FeCl *4H 0/FeCl ^H-O/Fe 0~, exp.
9, produced a fair growth equivalent to that resulting when the old
material was used. The whiskers were encrusted with unreduced halide.
Figure 5 is a picture of two of the whisker tips from this experiment.
The shape of the halide at tip is characteristic of the shapes seen in
most later experiments regardless of the reactants. Two more experi-
ments were conducted using a three reactant mixture however, FeCl •
41L0/ Fe-0- mixtures produced more and better whiskers than three react-
ant mixtures.
3. Conclusions
The Fe 0„ produced as the FeCl o »4H_0 is air oxidized was respon-
2 3 2 2
sible for the superior growth when old materials were used. The whiskers
produced with FeCl «6H9 present could be easily scraped from the liner




Figure 5. Coating of Halide on Whisker Tip. Note Shape of Halide at
tip. Exp. 9
Figure 6. Crop of whiskers grown with 7:11 mix in a standard boat. All
whiskers are encrusted with yellow salt-like material. Close examination
will reveal bulbous shapes at the ends and globules attached to the sides,
Exp. 21. Magnification 15X.
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had turned the foil at the base of the whiskers brown. This appeared
to be due to the expansion of the relatively large quantity of unreduced
salt remaining intimately mixed with the foil as it regained its water
of hydration from the atmosphere.
C. EXPERIMENTS WITH 7:11 MIX
1. Background
Hovermale LRef . 7] reported excellent yields of iron whiskers
obtained by the reduction of a mixture of Fe-O^. and NH. Br. The optimum
ratio was determined to be 7.0 g Fe ? to 11.0 g NH.Br for reduction at
730 C. This mixture was referred to as the 7:11 mix. The reaction is
believed to proceed by a two-step reduction:
H. + 4NH.Br + Fe o o -* 4NH_ + 2FeBr + 3Ho2 4 2 3 3 2 2
FeBr
2
+ H - Fe + 2HBr
2. Experimental Procedure
Between 2.5 and 3 grams of 7:11 mix were placed in each lined,
quartz boat and reduced at 730 C for ten minutes. In three experiments
steel thumb tacks were imbedded on their heads in the reaction mixture
to examine the possible effect of increasing the radius of curvature.
The points were cut from some of the tacks to produce sharp edges. The
hydrogen flow rate was 0.15 CFH for experiments without tacks and 0.3
CFH for experiments with tacks.
3. Observations
The yield of whiskers produced by this mixture was much greater
than that produced by other non-carbon containing mixes. Figure 6 is a
picture of a typical boat. The whiskers grow from the edge of the melt
with their axes predominately horizontal and toward the center of the
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boat. They were generally thin, straight (compared to other methods),
slightly tapered and of various lengths. Many were longer than a centi-
meter and some bridged from side to side. Many had a yellowish salt
crust adhering to their sides which became thicker and was most often
present at the tip. The salt at the tip was lumpy, flat on top and
basically square.
When removed from the reaction furnace after reduction the bot-
tom of the boat including the base of the whiskers was covered with met-
tallic foil. Whisker removal was difficult as the filaments adhere
strongly to this foil.
Whiskers grew radially from the tacks in the same manner as from
the sides. Metallic foil always covered the base on which they grew.
Very little could be determined about the effect of a small radius of
curvature as the growth was too prolific where the conditions were right,
i.e. at the narrow band near the edge of the melt. Figure 7 shows the
tip of a tack which was in the growth zone. Figure 8 is a picture of
the tip of one of the whiskers growing on the tip of the tack.
D. EXPERIMENTS WITH A CARBON MATRIX
1. Iron Whiskers
a. Background
The mass growth of iron whiskers reported in reference 8
prompted examination of this medium using the 7:11 mixture discussed in
the preceding section. The goal was to produce straight, strong, separ-
able whiskers in high yield which could easily be removed from the
growth matrix. The carbon containing filaments produced by the reduc-
tion reactions is referred to as a matrix. Different types of carbon
27

Figure 7. Tip of tack used in experiment 45. Note foil on which whiskers




Figure 8. Tip of whisker which grew on tack in exp. 45. Note amount of




were examined to empirically determine if different effects would be
noted and to optimize the resulting growth toward the goal.
b. Experimental Procedure
The 7:11 mix and the selected carbon were weighed, mixed
and placed in unlined quartz boats. The amounts, reaction times, H9
flow and abbreviated observations for these experiments are tabulated
in Table I. Besides varying the types of charcoal, mixture ratios were
altered to optimize growth and determine growth limits. Samples of
identical mixtures and quantities were reduced for short periods to
allow observations and comparisons of the initial growth.
c. General Observations
The whiskers grown by this method were short, very fine,
bent, tangled and most often branched. Attempts to separate the whiskers
using an ethanol wash and magnetic separation succeeded in separating
the iron whiskers from most of the carbon but the resulting tangled
mass resembled steel wool and was judged unmanageable. There was very
little metallic foil produced by this method and most of the iron is
believed to form filaments.
d. Specific Observations
(1) Norit A . The weight of carbon present was less than
that of the 7:11 mix used. The whiskers produced were small diameter
filaments with generally a metallic bulb or foil at the tip. Foil
covering the bottom of the boat was also produced as a major product
of the reduction. The whiskers grew on the surface of the foil as
opposed to being contained within a carbon matrix.
(2) Lamp Black . Only one experiment was conducted using
lamp black and the 7:11 mix. The whiskers produced were contained
30

within the matrix were clumped and tangled in the manner described in
Reference 8. Since separation for use did not appear feasible, further
experiments were not attempted with this medium.
(3) Bone Charcoal . Bone charcoal produced great masses of
small, tangled, branched whiskers within the matrix when the 7:11 mix/
bone charcoal ratio was about 50:50. The matrix was soft and powder-
like. The number of whiskers produced was greatly reduced when the
percentage of 7:11 mix dropped below 20% and non-existent below 10%.
The number diminished rapidly as the percentage of 7:11 mix approached
75%.
Most filaments were encrusted with a yellow salt which
dissolved in water. They were firmly affixed to a carbon particle at
one end and the tip extended into the spaces between particles. The
covered filaments were definitely iron as they were magnetic. Other
filaments were present which were straight and generally had a ball at
the growth (tip) end. Figures 9 and 10 show examples of these filaments
Though it cannot be proved conclusively that these particular whiskers
were not iron, later experiments indicated that a similar material was
non-magnetic, and hence not iron.
The filament in Figure 10 was firmly attached to the
carbon on which it grew. It appears to have grown without direction
at first before it established an unvarying crystal structure. The
stem is shiny and the bulb at the tip is yellow. The droplets clinging
to the sides are clear. Figure 9 is a picture of a whisker similar
to the one shown in figure 10. The lower portion of this filament
cannot be seen because of the limited depth of field at this magnifi-
cation which prevented seeing the entire filament at one time. The
31

Figure 9. Single whisker isolated on glass slide from exp. 35. Note the
ball at the end, globules adhering to the sides and the hollow appearing
stem. Magnification 1024X, enlargement 6.4X. (6554X)
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Figure 10. Single whisker attached to carbon particle, exp. 36. Note
shape of tip, early growth pattern, globules attached to the whisker sides
and solid stem. Magnification 800X, enlargement 6.4X (5120X)
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base looked like the stem except for two "leaves" of yellow salt spring-
ing from the base.
Mixtures were reduced for short periods of time to
examine early growth. It was hoped that by stopping growth early,
small but untangled, and therefore separable, whiskers would result.
Examination of the resulting matrix showed that most of the filaments
formed and grew within the first five minutes and very little change
occurred after that. The first filaments began appearing after the
boat had been inserted into the hot zone for 45 seconds. The filaments
obtained with less than five minutes of reduction were heavily encrust-
ed with a lumpy, yellow salt covering. The shape, size, branching, etc.,
of the supporting filament could not readily be determined. Dissolving
the yellow salt in water revealed very thin, shiny, filaments which were
always bent and branched. These filaments did not separate from the
carbon with water. Many clear filaments, as previously described were
also present. They were generally straight and had balls at their tips.
These filaments were not covered with salt even at short heating times.
Reduction of the amount of 7:11 mix present to 107o
by weight resulted in no filamentary growth. However, the carbon be-
came covered with tiny buds. Figure 11 shows this bud-like growth.
e. Conclusions
Bone charcoal produced the most prolific filament growth.
However, most of the filaments were branched, tangled and bent. The
everpresent, thick covering of salt may indicate that the filaments
grow in a liquid. It is not known what proportion of the filaments
produced with bone charcoal and 7:11 mix were not iron. The next sec-
tion will describe the investigation of the clear, non-magnetic filaments
34

Figure 11. Large flat carbon particle showing bud-like growth at edges,
exp. 51. Magnification 400X, enlargement 6.4X. (2560X)
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found only when bone charcoal was used in conjunction with a halide re-
duction. The existence of other than iron whiskers negates the use of
observations made with a bone charcoal medium to support mechanistic
arguments for the growth of iron whiskers.
The high yield growth associated with carbon is very encouraging
and further experimentation may yield a production scheme, though none
was found in these experiments. The metallic or foil-like balls seen
at the tip when Norit A was present but not when the 7:11 mix alone was
reduced indicates a mechanistic change or modification. Kittaka and
Kaneko [Ref. 8] reported that particles of carbon act as a strong sink
for halide and allowed for growth at the tip by vapor transport. They
proposed that the foreign particles are larger in size than the whisker
diameter and cover the entire growth step. The halide is condensed on
the carbon, reduced in the liquid form and the iron atom migrates to the
growth step (screw dislocation).
2 . Non-Magnetic Filaments
a. General
The boat for the experiment 47 was loaded with a mound of
7:11 mix in the forward portion of the boat and a mound of bone char-
coal in the after portion of the boat. After reduction the surface of
the bone charcoal nearest the 7:11 mix was covered with a white frost.
Microscopic examination revealed the frost consisted of white of clear
crystals. Addition of water to a surface sample of the carbon revealed
many very small, shiny, freely floating filaments, small enough to show
brownian motion. The tiny filaments were thought to be iron but they
did not orient in a magnetic field. The experiment was repeated with
identical results. The experiments conducted to examine this whisker
are tabulated in Table II.
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b. Determination of Growth Requirements
The vapor transport of reactants required in exp. 47 limit-
ed the possible reactants to bone charcoal, Nil Br and FeBr_, or a com-
4 2
bination of any two or all three.
The bone charcoal of exp. 47 was replaced by piles of lamp
black, Norit A, and graphite powder without producing filaments, implying
that bone charcoal was required. A 50:50 mixture of FeBr and NH.Br was
I 4
mixed individually with the carbons mentioned above. Many extremely fine,
straight, long, non-magnetic (NM) filaments were found in the bone char-
coal mixture but none were found with the other carbons. A cursory
search of ref. 5 revealed that bone charcoal is composed of carbon and
Ca„(P0,)~. The possibility that calcium phosphate was responsible for
the NM filaments existed.
It was discovered that previous experiments at this school
had also produced NM filaments using bone charcoal. The most successful
method was to mix 2g FeCl_ , 2g bone charcoal and 0.5g silicic acid and
reduce the mixture in an iron tube. The silicic acid, SiO •XH_0, was
present ostensibly to slowly provide water which would react with the
carbon to produce hydrogen. The iron tube was small enough to slide in-
to the quartz tube. Loose fitting plugs closed off the tube ends. The
boat was placed in the center of the tube and charcoal was piled at each
end. The caps were inserted and the tube pushed into the furnace which
was left open to the atmosphere. A diagram of loaded iron tube is part
of figure 4. The tube remained in the furnace for 8 to 20 hours. Exper-
iment 69 duplicated this procedure and produced a tremendous yield of
clear NM filaments which were longer and of larger diameter than those
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previously produced. Figures 12 and 13 are photographs of the high
yield produced in exp. 69 and exp. 82, respectively.
To investigate the functions of the calcium phosphate a
boat was prepared containing four separate piles. Three piles were a
mixture of 0.3g Ca (PO ) , 0.6g FeCl «4H and lg of either bone char-
coal, Norit A, or lamp black. The fourth pile contained only calcium
phosphate and ferrous chloride. The boat was placed in an iron tube
and heated for 15.5 hours. All four piles produced NM filaments (exp.
70). The NM filaments were concluded to be a combination of a ferrous
halide and calcium phosphate.
Additional experiments were conducted to optimize the yield
to allow for separation and probable identification. The method used
in experiment 69 proved to be the most successful, however, the silicic
acid posed an additional separation problem. Similar experiments with
the silicic acid inside the iron tube but not intimately mixed with the
reactants were much less successful even with additional water added to
the carbon at the ends of the tube. Figure 16 is a photograph of a high
yield area of exp. 80. Silicic acid was not mixed with the reactants
in this boat. A function of the silicic acid intimately mixed with
the reactants different from the initial reason for addition was not
discovered
.
c. Characterization of NM Filaments
The NM whiskers produced ranged in size from those small
enough to undergo brownian motion to those growing on the surface of the
carbon which were often 5mm long. Those produced in experiments paral-
led exp. 69 were mostly 10 to 40 p, long, and 0.5 to 1 p, in diameter.
These filaments appear to be round, but this was not verified.
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Figure 12. Clear, non-magnetic filaments produced in abundance in exp . 69,




Figure 13. Concentration of filaments produced in exp. 82. Magnification
160X, enlargement 6.4X. (1024X)
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Many of the filaments were freed from the carbon on which
they grew by the addition of water. Separation was attempted using the
expected density differences between the carbon, SiO
,
and the NM fila-
ments. The matrix from experiment 87 was washed in about 400 ml H-0
and filtered to remove any soluble halide and the solids were air dried.
Diiodomethane (CH I
,
p=3.3) was mixed with benzene (p=.879) to produce
different densities. It was found that the matrix reacted as though
it were of one density (calculated at p=3.03) and no separation resulted.
A crystal powder pattern was made of a sample of the three
component matrix as produced by exp. 69. The peaks produced were many
and very broad. No concrete assignment could be made from this data,
however, ferrous phosphate, Fe (PO )„, remained as probable.
The production of NM filaments required only the presence
of Ca„(P0.)„ and FeCl_ as evidenced by exps. 70 and 71. Production was
3 4 2 2.
also possible if FeBr„ was used with bone charcoal. Filaments also re-
suited when a non-reducing helium atmosphere was used, as in exps. 66 and
71. Figure 14 is a photograph of the non-filamentary crystals produced
in exp. 71 which in every way resembled crystals often found in the
carbon matrix of other experiments, particularly if the yield was poor.
The NM filaments are possibly the product of a cation ex-
change reaction between the iron halide and the calcium phosphate. The
material could range from Fe„(P0,)
?
to numerous mixed salt possibilities,
d. The Growth Mechanism of NM Filaments
NM filaments bear some resemblance to those which grow by
the VLS mechanism. As can bee seen from figures 15 - 19, these fila-
ments generally have balls at the tip. They also usually have unex-
plained globules attached to their sides. They do not appear to be
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Figure 14. Clumps of short, chunky, transparent crystals produced in exp,
71. Magnification 200X, enlargement 6.4X. (1280X)
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Figure 15. Shiny, bright whiskers from exp. 65 remaining after matrix
boiled in water to remove soluble halide and the residue treated with
.1 M HC1 for 10 minutes. Magnification 160X, enlargement 6.4X. (1024X)
43

Figure 16. Good yield area of poor, spotty yield produced in exp. 80.
Magnification 160X, enlargement 6.4X. (1024X)
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Figure 18. Cluster of white filaments from a single base. Each spike




Figure 19. Single whisker with a red bulb at tip isolated in matrix of
exp. 65. Note straightness , beads adhering to stem and shape of ball at
tip. Magnification 400X, enlargement 6.4X. (2560X)
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strongly attached to the substrate on winch they grow. Figure 18 shows
a cluster of NM filaments produced in exp. 65. The unusual formation
apparently shows many filaments growing from the parent material. This
is similar to the growth produced with silicon when the liquid bubble
cap required for the VLS mechanism splits into smaller bulbs as depict-
ed in Ref. 9. Figure 19 shows a single whisker also produced in exp.
65. This filament had a bulb which was bromine red in color. The glob-
ules attached to the stem are clear. In overall appearance this filament
and the ones in Figures 9 and 10 are very similar.
e. Conclusions
The NM whiskers are a salt. The growth technique has some
of the appearances of being a VLS mechanism, however, the transport of
a phosphate salt in the vapor phase appears remote as the phosphate
salts of calcium and iron are not volatile and a reducing atmosphere
does not appear necessary.
Liquid transport of dissolved material to the tip is an
alternative. The globules seen attached to the whisker stem may have
been the result of this liquid transport. The liquid ferrous halide
may dissolve the calcium phosphate to provide the liquid.
Not enough is known about the system or the product to
formulate a growth mechanism or even to choose between the two possible
methods of material transport.
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E. EXPERIMENTS WITH FeCl «4H AND Fe MIXTURES
1. General
The reduction of reagent grade FeCl «4H_0 was observed to pro-
duce few filaments. This observation was also made by Gorsuch [Ref. 4].
No filaments are reported if the commercially available ferrous chloride
is further purified. The impurity found most effective in stimulating
whisker growth has been ferric oxide, Fe . An 80:20, FeCl »4H 0:Fe
? 0„,
mixture by weight was determined to be appropriate for most of the ex-
periments conducted.
The mechanism by which the ferric oxide promotes whisker growth
is not known. As noted earlier its presence in the melt not only pro-
motes the growth of a greater number of whiskers but also affects the
direction of crystal growth, i.e. ferric oxide causes growth of the
[lOO] crystal face to produce whiskers of square cross-section. To a
point ferric oxide also increases the number of whiskers and decreases
their diameter as the percentage of oxide is increased.
2. General Experimental Observations
A brief account of experiments conducted using FeCl *4H90/Fe 90_
mixtures is contained in Table III. All reductions were at 730 C in
quartz boats with steel liners. Some general observations common to
most experiments follow:
a. Most filaments grew at the edge of the liquid melt. If the
melt reached surfaces other than the liner such as a piece of metal
placed in the boat or the shank of a tack, growth occured at the melt
line. The whiskers grew in the melt material and not on the liner or
other foreign material. The whisker is attached to the foil upon com-
pletion of reduction and not to the liner or other substrate.
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Figure 20. Typical Encrustations Observed at the Whisker Tips
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b. The vertical direction of whisker growth is generally limited
to not more than 30 above or 15 below the horizontal. The longest
whiskers generally grow horizontally at small angles above or below the
horizontal. Whiskers appear to nucleate in all directions but only those
with a growth path extending across the melt in areas of expected high
supersaturation attain much length.
c. The tips of the whiskers are often encrusted with crystal-
line salt deposits. The bases of the whisker will not show any en-
crustation but as one examines the stem further from the base, crystalline
deposits appear as a thin covering. This covering becomes much thicker
near the whisker tip. Figure 20 is a drawing of some typical encrusta-
tion, and figure 5 is a picture of one such tip. Figure 8 is a picture
of a slightly different physical form.
d. Some short filaments sometimes grew on the liner and quartz
at the rear of the boat above the "water line." These whiskers were
short, clean, crooked and tightly attached to the substrate. They grew
in various directions and the cross sectional shape varied from whisker
to whisker but could easily be determined visually. They were never
long filaments.
e. With the aid of the stereo microscope the tips of whiskers
grown in these experiments appeared to have a smaller diameter than their




Clumps of whiskers growing at the "water line" from apparently
the same point are very common.
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3. Evaluation of Important Experiments
a. Reactants in the Early Stages of Growth
Experiments 96-107 examine the early stages of the reduction
of both the pure reactants and a mixture. The Fe CLreduces to a grey
solid in less than one minute. No further physical change was noted.
FeCl»4H melts in about 2\ minutes and no whiskers are present before
3 minutes. The 80:20 mixture of ferrous chloride/ferric oxide melted
within 2 minutes and whiskers had formed after 2\ minutes.
b. Distribution of Fe
?
In experiment 110 Fe^O^ was pressed on the bottom of the
liner and FeCl *4H spread above it. In experiment 112 FeCl «4H
?
was pressed on the bottom of the liner and Fe
?
0„ spread above. The
resultant yields were very similar indicating either Fe 0„ is soluble
in molten FeCl„ or the undissolved Fe particles are mobile.
c. Cupped Pin Boats
Many experiments, Table III, were conducted using cupped
pins. The reason was to determine if Fe_0_ placed a distance from the
melt (in the cup of the pin) would be a preferential nucleation site.
FeCl 9
#4H 9 and FeCl 9 »4H90/Fe 9 0_ mixes were also tried to determine if
growth once started would continue by receiving vapor or even liquid
from the main melt. The results, though inconclusive, indicated that
neither nucleation nor started filaments resulted at the cups. Figure
21 is a diagram of a cupped pin. Alteration of the cup size or other
procedures might be employed to check this result,
d. Flat-topped Pins
Flat-topped pins were used to determine what effect if any
























at the edge of the melt. Pins short enough to be under the melt did not
grow whiskers. Pins exactly the correct height had whiskers growing on
the top as well as the sides. No preferential growth was observed.
e. Old Pins
Several experiments with old pins, experiments 128-129, pro-
duced preferential nucleation. Attempts to repeat the procedure and re-
produce the results failed. Experiment 141 also produced and unexpected
crop of filaments when yellow rust was present.
f. Covering Liners with Freshly Reduced Iron
One side of a liner was coated with freshly reduced iron by
reducing FeCl *4H9 in a tipped liner. The liner was then used to deter-
mine if preferential growth would result. No significant preference was
found.
4. Conclusions
Iron oxide was determined to be required to achieve reasonable
yields of whiskers. Very little was learned about the sometimes observed
preferential nucleation. The function of Fe9 0_ in the growth process was
not discovered.
F. CORRELATION OF OBSERVATIONS ON GROWTH FROM A LIQUID MELT WITH PRO-
POSED MECHANISMS
Application of the three mechanisms cited in section II of this thesis
to the observations made in the experiments conducted and to observations
reported in the current literature lends support to the cold tip mech-
anism proposed by Hovermale [Ref. 7]. The addition of a few refinements
supported by experimental observation make the explanation more than
plausible. The possibility of whiskers growing by more than one mechan-
ism in the same boat cannot be ignored. The major observations are
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correlated below with the growth theories:
1. A salt-like covering was generally found at the tip. This had
been noticed previously by Gorsuch [Ref. 4], who reported without a
mechanistic explanation that many tips had crystalline growths of fan-
tastic degrees of complexity. One would not expect to see the crystals
formed when a monolayer of iron halide crystallized on the growth step
of a whisker tip when the reaction vessel was removed from the hot zone.
If the VLS mechanism were responsible one would expect to find crystals
or a half round ball at the tip only and not clean bases and a gradual
increase in the thickness of the crystalline encrustation of the stem
until the tip is reached. If preferential halide condensation resulted
at the thinnest part of the filament (the tip) due to its ability to
reduce its surface temperature the fastest, one would expect the same
covering distribution whether the reduction was actively in progress at
the tip at the time of withdrawal or not. To investigate this experi-
ments 119-125 were conducted (Table III). Two boats with the same
amount of material were run. The first was reduced in the prescribed
manner for 10 minutes. The second was reduced for 7 minutes with hydro-
gen and then the hydrogen flow was stopped and a helium flow started at
the same rate. At the end of ten minutes this boat was removed from the
heat. The boat which was still undergoing reduction when removed (hydro-
gen only for 10 minutes) contained whiskers which had clean, shiny bases
and encrusted tips. The second boat had encrustations the entire length
of the whisker. Figures 22 and 23 are pictures of the bases of whiskers
in experiments 119 and 120. The results for the other experiments cited
were similar. It is therefore concluded that the reaction and the en-
crustation pattern are not two separate entities but effect one another.
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Figure 22. Base of whisker clump exhibiting clean bases and encrusted
tips, exp. 119. Magnification 30X.
Figure 23. Base of whisker clump exhibiting encrusted bases and tips
when He flow is substituted for I-L flow three minutes prior to removal
from furnace from exp. 120. Magnification 30 X.
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2. Almost all whisker growth occured at the edge of the melt. The
base of the whisker apparently must be in contact with molten halide.
Gorsuch [Ref. 4] was able to watch the reduction as it proceeded. He
witnessed whiskers growing from the surface of the liquid until the
surface tension no longer would support their mass and they sank. Neither
the screw dislocation theory nor the VLS mechanism require the whisker
to be in contact with a liquid, however, virtually all filaments grown
in the experiments conducted grew only where they had their base wet.
Furthermore, if the formation of microcrystals are required to form a
screw dislocation as proposed by Wokulska and Wokulski [Ref. 12], they
would of necessity be required to form on the surface of the liquid to
explain the experimental observations. Varying the substrate would also
be presumed to have some effect if a screw dislocation mechanism were
responsible for the predominant growth.
3. The presence of iron oxide would have a positive effect on
whiskers grown by the screw dislocation mechanism only if it provided
a site for microcrystal nucleation. Iron oxide could provide a nuclea-
tion site for whiskers growing by the cold tip mechanism or it could be
a catalyst for either the cold tip or VLS mechanisms. The fact that
the presence of iron oxide affects the crystal structure is an indica-
tion of an influence which is present in the initial stages of growth.
4. The rate of hydrogen flow would be expected to greatly influence
growth by vapor transport of reactants to a growth step. Such transport
is required by both the VLS and screw dislocation mechanisms. Experi-
mentally, except at very high flow rates, it has little observed effect
on the whisker growth.
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5. The screw dislocation theory does not predict tapered whiskers
since each layer is an exact duplicate of the preceding. Levitt [Ref. 9]
has shown that the diameter of a VLS crystal is controlled by three fac-
tors; the initial amount of impurity, the deposition temperature, and
the vapor-solid deposit which also depends on the deposition temperature.
Therefore, for a given whisker, temperature change alone would be respon-
sible for taper. In the experiments conducted by Levitt, increasing
temperature increases the whisker diameter. Gorsuch [Ref. 4] has observed
as temperature is increased, the amount of taper was radically increased.
If similar mechanisms apply one would expect similar results. The diam-
eter of a VLS grown whisker is controlled by the diameter of the liquid
ball present. The amount of material present in the ball changes only
slightly during VLS growth, however, temperature change affects the
diameter of the eutectic ball. If liquid halide at the tip of a cold
tip whisker also assumes a ball or toroid shape as indicated by examina-
tion of the salt deposits on whisker tips the amount of material avail-
able in the ball would be expected to decrease as the whisker grew due
to reduced liquid flow caused by the greater length of travel required
for the liquid to reach the tip. At higher temperatures it can also be
assumed that the increased evaporation rate of halide from the whisker
surface will affect the amount of halide reaching the tip in such a way
as to reduce the flow. As the whisker grows a more rapid decrease in the
diameter of the ball with length extension would occur resulting in a
more tapered whisker.
Taper might also be totally or partially the result of the accre-
tion of material on the sides of the stem. Neither the screw dislocation
mechanism or the VLS mechanism provides for the addition of material at
any point but the tip.
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6. None of the three theories predicts preferential growth direc-
tion with respect to the boat geometry, however, all three depend on
the tip being in the presence of a supersaturated halide vapor. The
more supersaturated the vapor, the faster the deposition of material at
the growth site. The greatest growth extension would be predicted in
the areas of highest supersaturation, i.e. over the center of the melt
and close to its surface which was in fact observed. Nucleation in all
directions with continued growth in only a limited area is indicative of
•a mechanism dependent on the presence of vapor phase reactants in some
way. The function could be to maintain a liquid on the surface by re-
ducing the evaporation rate as well as providing material for reduction.
7. The small, short, clean whiskers growing at the down stream end
of the quartz boat and on the after parts of the liner above the melt
did not grow in contact with liquid halide. The whisker material was of
necessity transported in vapor form. The hydrogen atmosphere at this
point in the boat would be well saturated with halide having passed over
the bulk of the melt. Since a foil is deposited on the quartz and iron
surfaces where these whiskers grow, ample opportunity exists for the
production of microcrystals and the screw dislocations associated with
them. The growth of these short whiskers is probably the result of the
screw dislocation technique and the initial iron (foil) deposit the re-
sult of surface catalyzed reduction.
Copper whiskers are similar in their growth characteristics to
iron whiskers. Hasigui [Ref. 6] discovered the existence of axial screw
dislocations in the secondary whiskers of copper produced by halide re-
duction. The absence of dislocations in primary whiskers is indicative
of two separate mechanisms functioning under similar conditions. The
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primary whiskers grew by a mechanism such as the cold tip which does not
require a dislocation. When liquid halide no longer covers the sides of
the whiskers nucleation of microcrystals can occur which produce screw
dislocations and the associated secondary growth.
G. PROPOSED ADDITION TO COLD TIP THEORY
The observations made from the experiments conducted can best be
rationalized with the cold tip theory. However, these observations
suggest additional proposals.
The cold tip theory presented by Hovermale [Ref. 7] does not specify
a physical shape, if any, to be assumed by the liquid when it reaches the
tip. No reason has been given to explain either preferential reduction
or deposition at the tip or to explain the reduction of all the liquid
which flows there. The method by which extension in one direction
proceeds at a greater rate than in any other growth direction is also
ignored.
Observations made of the crystalline forms at the whisker tips in-
dicate that the liquid probably forms a ball or toroid shape at the tip.
Since the reaction does not proceed to any appreciable extent in the gas
phase the rate of reaction can be assumed to be a function of the surface
area of the liquid. If one assumes the liquid forms a small sphere with
a diameter equal to twice the length of one of the sides of a whisker
of square cross section the increased surface area is 11.57 times that
of the whisker tip. For larger relative diamenter the increase in sur-
face area is a function of the square of the diameter. The small area
available for deposition combined with the large exposed surface area
would ensure more rapid extension at the tip than elsewhere. The larger
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the liquid bubble relative to the whisker diameter the more rapid would
be the growth.
Since the cold tip theory does not require a growth step, reduction
proceeding in the liquid as it flows up the whisker stem would result in
deposition on the crystal surface. This deposition would tend to in-
crease or create taper as the whisker grows. This does not eliminate the
possibility that the diameter of the leader growth at the tip is partial-






The observations made in the experiments conducted lend strong sup-
port to the cold tip theory. Neither the VLS nor the screw dislocation
theories can be rationalized to adequately explain the observations made
for growth at the edge of the melt. While the VLS mechanism can to some
extent explain the presence of a crystalline substance at the tip its
ordered presence below the tip remains unexplained. From the thermo-
dynamics involved reduction in either the gas phase or requiring con-
densation at the reaction site would produce a "hot tip" which would
oppose the flow of material from the gas phase and the presence of any
liquid at the tip.
The screw dislocation mechanism is well founded on a theoretical
basis. The bulk of the observations concerning whisker growth at the
edge of the melt does not support this mechanism. Whiskers which are
observed to grow above the melt edge can be explained by this theory.
The existence of more than one growth mechanism for the reduction of
iron halides is probably the reason very different observations have
been obtained by researchers in the field. Observations supporting a
screw dislocation were based on experimental methods which produced whis-
kers primarily by this method, i.e. generally only the vapor came in con-
tact with the substrate. Experimental observations refuting the mechanism
were based on growth involving whiskers in contact with the melt. Ambig-




The cold tip theory provides a rational mechanism to explain the
physical structure and appearance of whiskers grown at the edge of the
melt. The change in the pattern of salt encrustation on the whisker
stems noted when helium was introduced prior to removal of the sample
(exps. 119-125, Table III) may be explained assuming that the He stopped
the reaction, allowing equilibration of temperature differences. Neither
the forces which provide the flow of liquid reactants or the nucleation
process are understood though there is strong experimental evidence link-
ing nucleation and/or early growth with ferric oxide as a catalyst remains
as a possibility.
A complete theoretical model of the cold tip mechanism of whisker
growth will involve not only reaction thermodynamics and heat flow but
also surface adsorption phenomenon, the kinetics of two phase reactions
and fluid dynamics. The proposal does, however, provide a basis from
which to build a theoretical model. This model and/or experiments design-
ed to exploit the proposed principles of growth may result in the future
method of production of useable iron whiskers.
The non-magnetic whiskers produced in these experiments are unique
for their large yield and ease of separation from the substrate. The
physical characteristics of the grown whiskers indicate that they grow by
a mechanism similar to the proposed cold tip, i.e. they possess bulbs at
the tip and globules are attached to the sides. The possible uses of
these crystals will not be known until they have been identified and their
physical properties determined.
B. SUGGESTIONS FOR FURTHER ANALYSIS
Though the presence of liquid flowing up the sides of the whisker has
been presented as very probable the fact remains unproven. The possibility
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exists .that careful visual examination of whiskers as they grow will
enable the observer to determine if the surface of the whisker is wet and
if indeed a flow of liquid up the stem exists. The visual observation
of liquid halide at the tip and its shape would have equally important
mechanistic implications.
The function of iron oxide is critical to understanding the complete
mechanism. Radioactive isotopes of iron as Fe 9 might provide the in-
formation required to determine the site at which it functions. Whiskers
grown using radioactive isotope could be analysed at different points
(areas) of the whisker (tip, base, middle) to determine the locations of
isotope concentrations, if any. The possibility of exchange reactions
may severely limit this procedure and should be carefully checked before
embarking on elaborate experiments.
The identification and characterization of the non-magnetic filaments
produced by the high temperature fusing of an iron halide and calcium
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The growth mechanism of iron whiskers produced by the hydrogen
reduction of iron halide salts was investigated by the variation of
a number of parameters. The observations are correlated with current
theories and with the thermodynamic behavior of this reaction which
indicates that the tip of the growing whisker should be colder than
the ambient medium (the cold tip). The mass growth of iron whiskers
in the presence of carbon was examined to evaluate the potential of
this method to produce marketable whiskers. An unidentified, non-
metallic whisker growth was discovered growing in bone charcoal.
Growth was determined to require the presence of a ferrous halide
and calcium orthophosphate. Further postulates concerning the cool



















DD , f:r..1473 (back,
S/N 0101*807-682 1
83 TTttr.T.ASSTFTF.n






,ne growth of •
^fskers by t °e 'r°
n




c.l The growth of iron




The growth of iron whiskers by the
high
3 2768 002 09998 £
DUDLEY KNOX LIBRARY
